Importance: Prevention of primary breast cancer (BCa) in women is of great public health importance. The existing results from observational epidemiologic studies focused on the association between bisphosphonates and primary BCa risk have been inconsistent. Objective: To update this systematic review and meta-analysis to assess the effect of bisphosphonates on primary BCa risk. Data sources: We comprehensively searched MEDLINE, EMBASE, Cochrane libraries, ProQuest, and Web of Science through June 25, 2018 for relevant studies. Study selection: Epidemiological studies that assessed the effect of bisphosphonates on the risk of primary BCa in women. Data extraction and synthesis: We reported this meta-analysis according to the PRISMA guidelines. Available multivariable-adjusted effect estimates and corresponding 95% CIs were pooled with a random-effects model. Main outcomes and measures: The prespecified main outcome was the risk of primary BCa. Results: In total, five cohort studies involving 657,558 women and 12,991 primary BCa patients, three population-based case-control studies involving 54,701 primary BCa cases and 237,962 healthy controls and two randomized controlled trials (RCTs) involving 13,774 women and 165 primary BCa patients were included in this meta-analysis. Bisphosphonates were associated with a 12% decreased risk of primary BCa (RR, 0.88; 95% CI, 0.83-0.94). However, when we analyzed study designs separately, the pooled results from observational studies were inconsistent with that from RCTs. The observed association of primary BCa risk with long-term use (≥1 year) of bisphosphonates seemed to be more robust and stronger than that of short-term use (<1 year) (RR, 0.75; 95% CI, and 0.90; 95% CI, respectively). Conclusion: This meta-analysis adds to the body of evidence for an association between bisphosphonates and a significantly decreased risk of primary BCa. However, future largescale RCTs are required to validate this concern.
Introduction
Breast cancer (BCa) is the most frequently diagnosed cancer and the leading cause of cancer deaths among females worldwide, 1 with an estimated 2,088,849 newly diagnosed cases in 2018. Incidence rates are highest in economically developed countries but are now increasing rapidly in developing countries as well. 2 Prevention of primary BCa in women is of great public health importance. Bisphosphonates are widely used for the prevention and treatment of osteoporosis. 3, 4 Recently, an increasing body of evidence has shown that bisphosphonates have potential anticancer properties against the risk of developing primary BCa. Although the precise biologic mechanisms that link bisphosphonates and BCa risk remain unclear, an increasing body of evidence supports the notion that bisphosphonates may modify the tumour cell microenvironment and directly affect tumour cells through a variety of pathways, including inhibition of osteolysis and release of bone-derived growth factors, 5 inhibition of protein prenylation, 6, 7 and angiogenesis inhibition, 8, 9 enhanced immune surveillance by activation of gamma delta T cells, 10, 11 direct inhibition of tumour cell growth, proliferation, adhesion and invasion, and induction of apoptosis. 12, 13 To date, several epidemiologic studies have assessed the relationship between bisphosphonates and BCa risk. However, the findings have been inconsistent. Recently, a report from two randomized controlled trials (RCTs, Fracture Intervention Trial (FIT) and Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly-Pivotal Fracture Trial (HORIZON-PFT)) has showed that bisphosphonates could not decrease the incidence risk of primary BCa. 14 In our previous metaanalysis, which included four observational studies, we reported a significant protective effect of bisphosphonates on the risk of BCa. 15 Since then, however, three large cohort studies [16] [17] [18] involving 95,701 participants and 1,079 BCa patients and one large nested case-control study 19 involving 49,933 BCa patients and 232,780 controls have been published. We therefore performed an updated comprehensive systematic review and metaanalysis to determine and quantify the potential antitumor effect of bisphosphonates on the risk of primary BCa.
Methods

Search strategy and selection criteria
This meta-analysis was registered on PROSPERO (CRD4-2014014901) and was reported according to the PRISMA guidelines (the checklist was provided as Appendix A). 20 We systematically searched the electronic databases of MEDLINE, EMBASE, ProQuest, We included studies that met the following inclusion criteria: 1) epidemiological studies (including case-control or cohort studies, or RCTs) that addressed the potential effect of bisphosphonates on primary BCa risk; 2) studies that reported effect estimates, which included the RRs, ORs and HR with 95% CIs, or reported sufficient information to calculate these values; 3) when multiple articles were published from the same population, we included the most recent or complete publication or the one with the highest quality score; and 4) studies that addressed the association between bisphosphonates and contralateral BCa risk in women with primary BCa were excluded from the main analysis but included in a sensitivity analysis. There were no restrictions on language, sample size, or participant characteristics.
Data extraction and quality assessment
The eligibility determination, data extraction, and quality assessment for each study were performed independently by two authors (YP.L. and XS.Z.). Disagreements were resolved by discussion and consensus with a third author (HR.S.). Standard electronic forms specifically created for the present study were used to record the following information: authors, publication date, characteristics of participants (country, age and menopausal status), bisphosphonate exposure (type, dose, frequency, and duration), and studies (study design, sample size, and the controlled or adjusted potential confounding factors). Both the maximally and minimally adjusted effect sizes with 95% CIs were recorded, if available. The extracted data from each study was carefully checked and verified before performing metaanalysis. When necessary, we contacted authors of studies for missing information.
A quality-scoring system, which was partially derived from that developed by Voskuil and colleagues and included 15 items (5 on selection bias, 8 on misclassification bias, and 2 on confounding bias) with a maximum score of 95, was adopted to assess the methodological quality of observational epidemiological studies. 21 The quality score of each study was presented as a percentage of the maximum score, and studies with a score of >70% were categorized as highquality studies (Appendix B). The Jadad score 22 and 
Statistical analysis
In this meta-analysis, the maximally adjusted effect sizes and 95% CIs were pooled using random-effects models, rather than fixed-effects models, to analyze the results in a conservative manner. When an individual study only reported effect estimates for each type of bisphosphonate separately 24 or separately reported risk estimates in ductal carcinoma in situ and invasive BCa, 25 likely to account for a higher relative weight in the pooled analysis, we initially combined the subgroup datasets into a study-specific effect estimate with a fixed-effects model. 26 To evaluate whether a duration-dependent threshold effect of bisphosphonates on primary BCa risk exists, we conducted a cumulative metaanalysis based on the medication duration across the included studies. We estimated the between-study heterogeneity using the Q test and the I 2 Statistic. 27, 28 To investigate potential sources of the between-study heterogeneity, we performed subgroup and meta-regression analyses using random-effects models.
For sensitivity analyses, we removed the most relatively weighted study from each subgroup analysis to assess its influence on the summarized estimates and to explore potential sources of heterogeneity. We then conducted another sensitivity analysis using the fixed-effects model. In addition, to test whether the underlying confounders that were adjusted or controlled in the original observational studies could have influenced the effect of bisphosphonates on primary BCa risk, we conducted repetition analyses using the minimally adjusted data and subsequently analyzed the confounding RR, which was defined as the ratio of the pooled results of the maximally and minimally adjusted data. 29 Potential impact of an unmeasured confounder on the observed results was calculated presenting E-values for point estimates and the upper limit of the CIs as recently suggested by VanderWeele and colleagues. 30 We performed a sensitivity analysis to assess the association between bisphosphonates and the risk of developing contralateral BCa among primary BCa patients. We also performed a sensitivity analysis to include only the prospective studies (including cohort studies, RCTs and nested case-control studies), because the prospective nature of cohort studies and RCTs is invaluable for confirming the temporal sequence of bisphosphonate use and primary BCa onset and therefore helps to examine causal associations.
To determine the evidence strength of the association between bisphosphonates and the incidence risk of primary BCa, an evidence synthesis modified from previous studies was developed. 21 To assess potential publication bias, we used funnel plots for asymmetry and, formally, used the Begg's rank correlation and Egger's linear regression tests. 31 Furthermore, we robustly adjusted for the summarized results by applying the Duval and Tweedie's trim and fill method. 32 We did all analyses with
Comprehensive Meta Analysis version 2.2.046 (Biostat, Englewood, NJ, USA). All tests were two-sided. Statistical significance was defined as P-values <0.05.
Results
Characteristics and reporting quality of included studies
The search strategy identified 10 eligible studies ( Figure 1 ). The main characteristics of 10 studies included are provided in Tables S1-S3 . Briefly, there were five cohort studies, [16] [17] [18] 24, 25 three population-based case-control studies 19 focused on BCa risk, and the other three studies 16, 17, 19 assessed the association between bisphosphonates and the risk of developing various cancers, including BCa. Among these studies, the majority of the participants were postmenopausal women, and the mean age ranged from 54.2 to 73.5 years. All but one study 33 reported the type of bisphosphonate used, of which alendronate was the most common (range, 51.8-100%).
Bisphosphonates and primary BCa risk
Overall, we noted a 12% risk reduction of primary BCa in women who used bisphosphonates compared with non-users (RR, 0.88; 95% CI, 0.83-0.94; Table 1 and Figure 2 ). Considering the study design separately, we found similar associations in cohort studies and case-control studies (OR, 0.83; 95% CI, 0.71-0.98; RR, 0.87; 95% CI, 0.80-0.95; respectively); however, the association was not found in RCTs (RR, 1.13; 95% CI, 0.81-1.57). When restricted to invasive BCa or postmenopausal women, the pooled RRs were 0.83 (95% CI, 0.69-0.99; Figure S1 ) and 0.89 (95% CI, 0.80-0.99; Figure S2 ), respectively.
Duration-response analysis of bisphosphonates and primary BCa risk
Eight studies 14, [17] [18] [19] 25, 33, 34 were included in this durationresponse analysis. Subgroup analyses (Table 1 and Figure S3 ) showed that women who used bisphosphonates for ≥1 year before diagnosis had a 25% reduced risk of BCa (RR, 0.75; 95% CI, 0.66-0.84), whereas those who received bisphosphonates for <1 year had an attenuated risk reduction (RR, 0.90; 95% CI, 0.84-0.97). Similarly, cumulative meta-analysis based on duration of bisphosphonate use demonstrated that a 10% risk reduction of primary BCa was observed when the duration of medication usage reached 1 year (RR, 0.90; 95% CI, 0.84-0.97; Figure S4 ). Thereafter, the observed protective effect did not change substantially with increasing years of medication usage, although subsequent datasets have increased the precision of the magnitude of the effect.
Sensitivity analyses
We performed a repetition analysis with fixed-effects models and found no significant change in the pooled results (Table 1) . Furthermore, a repetition analysis using the minimally adjusted data from original studies was also carried out, and confounding RRs demonstrated that the summarized results did not significantly differ from those with the maximally adjusted data (Table S4) . Moreover, confounding RR values indicated that the summarized results with the maximally adjusted data were more conservative. According to the results from E-value sensitivity analyses, E-values for both the observed point estimates and the upper limit of the CIs were all small ( Table 1 ), indicating that little unmeasured confounding would be needed to explain away the observed association estimates. Another sensitivity analysis excluding the study with the most relative weight in each subgroup did not result in a substantial change of the summarized results (Table S5) , except for subgroup analyses of cohort studies, bisphosphonate use duration of <1 year, 2-3 years or >4 years. We also performed a sensitivity analysis by excluding retrospective case-control studies and found a RR of 0.90 (95% CI, 0.85-0.95; Figure  S5 ). Another sensitivity analysis that excluded the RCTs showed a RR of 0.87 (95% CI, 0.82-0.93; Figure S6 ). Another three observational studies assessed the impact of bisphosphonates on risk of second primary contralateral BCa among BCa survivors. [35] [36] [37] The characteristics of these studies were shown in Tables S6 and S7 . When these results were pooled together, the RR was 0.84 (95% CI, 0.66-1.07; Figure S7 ). By including these studies, we performed another sensitivity analysis and found a RR of 0.88 (95% CI, 0.84-0.93; Figure S8 ).
Heterogeneity
In general, there was no obvious between-study heterogeneity (P=0.12; I 2 =35.53%). When considering study design, we observed moderate heterogeneity across the case-control studies (P=0.07; I 2 =61.79%), but not across the cohort studies (P=0.20; I 2 =33.18%) or the RCTs (P=0.92; I 2 =0.00%). Based on results from metaregression analyses, we found that the between-study heterogeneity was not relevant to the mean age of participants (P=0.65, Figure S9A ), quality score (P=0.76, Figure S9B ), the number of BCa patients (P=0.11, Figure S9C ), or bisphosphonate users (P=0.56, Figure S9D ). 
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Notes: a We used the summarized effect estimates with a random-effects model in the primary meta-analyses, and performed a sensitivity analysis using a fixed-effects model. The homogeneity between the results from a random-effects model and a fixed-effects model was evaluated with the heterogeneity between models. b E-value shows the minimum strength of association that a hypothetical residual confounding factor would need to have with both the use of bisphosphonates and the risk of primary BCa to fully explain an association between bisphosphonates and primary BCa risk. Note that these calculations assumed an optimal frequency for the hypothetical confounder. For an infrequent confounder, the strength of the associations between the confounder and bisphosphonate use and between the confounder and primary BCa risk needs to be much stronger.
Abbreviations: BCa, breast cancer; BPs, bisphosphonates; F, a fixed-effects model; R, a random-effects model. 
Publication bias
We found limited evidence for publication bias using funnel plots ( Figure S10 ), Begg's rank correlation or Egger's regression test (Table S8 ). In addition, the adjusted summary effect size analyzed using the trim and fill method did not demonstrate a substantial change, which also implies no evidence of publication bias.
Discussion
This meta-analysis has strengthened the evidence for anticancer effects of bisphosphonates in BCa primary prevention. We found a 12% risk reduction of BCa associated with bisphosphonates. However, according to the evidence synthesis, there is a general "indecisive" evidence for this association (Table S9) .
Bisphosphonates have predominantly been used in women with osteoporosis who typically have a low bone mineral density (BMD) level, which is caused by a low level of circulating estrogen that is associated with BCa risk 38 and may result in confounding by indication in observational studies. 14 Consequently, it is vital to determine whether the association of risk reduction of BCa with bisphosphonates is merely responsible for the inverse relationship between osteoporosis, the indication of bisphosphonate therapy, and BCa risk. Eight of the 10 analyzed studies have adjusted for BMD status 14 or other factors that reflect the level of BMD between bisphosphonate users and non-users, including the 5-year hip fracture score 25 and history of osteoporosis or fracture. [16] [17] [18] [19] 33 When we pooled the results of these eight studies together, we found that a decreased risk of BCa remained associated with the use of bisphosphonate, which supports the evidence for an authentic inverse association between bisphosphonates and BCa risk, independent of indications of bisphosphonates. Menopausal status can influence the levels of estrogens in women, as circulating concentrations of estrogens decrease markedly after menopause. 39 Among the studies included, enrolled participants were predominantly postmenopausal women, and none of these studies reported an effect in premenopausal women separately.
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Chiang et al, 16 2012 Subtotal_Cohort Figure 2 Forest plot for the association between bisphosphonates and primary breast cancer risk. Square markers indicate effect sizes of each study; horizontal lines, the 95% CI. The diamond data marker indicates the summarized effect size. The vertical solid line indicates the overall pooled effect. Note that the studies are ranked in order of their relative weights from random effects analysis.
When we limited participants to postmenopausal women, we found a similar inverse association between bisphosphonates and BCa risk.
Two previous meta-analyses have focused on the same issues. In our previous meta-analysis that included only 4 studies, we reported a 15% risk reduction of primary BCa related with bisphosphonates. 15 Thereafter, another metaanalysis by Ou et al reported a very similar effect estimate of 16% risk reduction associated with bisphosphonates. 40 The pooled effect size of our current study is smaller than those in these two previous meta-analyses. The possible reason may be that neither of the previous meta-analyses had taken into account the RCT results. As commonly known, results from observational epidemiological studies cannot confirm causality. 41 However, it is possibly difficult to conduct an RCT to address the effect of bisphosphonates in the primary prevention of BCa due to ethical challenges and the requirement for a considerably large sample size. 41 Recently, the results from two RCTs (FIT and HORIZON-PFT) were published. 14 Hue and colleagues showed that 3-4 years of bisphosphonate treatment did not decrease the risk of invasive BCa in postmenopausal women. 14 Of note, the two RCTs were at high risk of selective reporting bias according to the Cochrane Collaboration recommendation ( Figures S11A and B) , since they were not initially designed to study BCa outcomes as the authors stated. 14 The data about incident BCa were collected from adverse event databases, thus, the results were prone to detection bias. Because women assigned to bisphosphonate therapy group were more likely to visit clinics or be hospitalized and subsequently had higher incidence rate of newly diagnosed BCa, since the number of patients with adverse events were significantly higher in the bisphosphonate treatment group compared with the placebo control group (95.5% vs 93.9%, P=0.002). 42 Additionally, given the limited number of BCa patients during the follow-up period and the limited statistical power (in the Supplementary), the findings from the two RCTs (even those that were very well done) are not sufficient to overturn the findings from observational studies. Three observational studies assessed the impact of bisphosphonates on contralateral BCa risk among BCa survivors. [35] [36] [37] When pooling these results together, we did not find an obvious association, which is consistent with the results from a meta-analysis of individual patient data from RCTs that showed no significant effect on contralateral BCa. 43 These findings provide no support for bisphosphonate treatment as BCa chemoprevention strategy. It is supposed that bisphosphonates may have different effects on healthy women (as average-risk populations of developing BCa) or on women with primary BCa. Eight 14, [17] [18] [19] 25, 33, 34 of the studies included assessed the relationship between bisphosphonate use duration (from <1 to >5 years) and primary BCa risk, although the findings were inconsistent. The controversy has focused on the optimum duration of bisphosphonate use, the magnitude of the beneficial effect and possible harm from long-term use of bisphosphonates. Subgroup analyses based on the medication periods suggested that, compared to non-users, women who used bisphosphonates for <1 year had a 10% decreased risk of primary BCa, whereas women with ≥1 year of bisphosphonate use had a 25% lower risk of primary BCa. However, in the subgroup of <1 year of bisphosphonate use, a sensitivity analysis excluding Vinogradova' study, which had 84.37% relative weight, showed no significant effect of bisphosphonates on primary BCa risk. Given the limited number of studies included in each subgroup, the results from subgroup analyses should not be overemphasized. Consistent with the findings from subgroup analyses, cumulative meta-analyses showed that this observed beneficial effect became robust only when the treatment duration reached 1 year, and thereafter the effect tended to stabilize over time. Interestingly, this result is in accordance with both the anti-resorptive properties of bisphosphonates, which were only observed after at least 6 months of use, 44 and the pharmacokinetics of bisphosphonates, by which, once entering bone, the drug sustains a stable anti-resorptive potency for several years. 45 Given the global use of bisphosphonates among millions of women over the past 20 years, it can be concluded that adverse effects related to bisphosphonates are relatively low. 46 Commonly reported side-effects are mild and include dyspepsia, nausea, and oesophagitis, whereas serious sideeffects including osteonecrosis of the jaw, renal toxicity, and oesophageal cancer are rare. However, whether these serious side-effects are attributable to bisphosphonates alone remain inconclusive. 26, [47] [48] [49] Another concern is the longterm (>5 years) side-effects of bisphosphonates, and few studies have addressed this issue. 50 Additional welldesigned prospective studies are still needed to evaluate potential long-term adverse effects and determine whether the benefit of bisphosphonate therapy could outweigh possible disadvantages. Based on the current evidence, the benefits from bisphosphonate treatment for 1-5 years significantly outweigh the potential harm from these drugs.
Unlike tamoxifen, which has previously been shown to be efficient in the primary and relapse prevention of BCa [51] [52] [53] but has "exceptionally low" acceptance and prevalence of use for chemoprevention, 51, 54 bisphosphonates should have a substantial and extensive public health benefit for the prevention of primary BCa because bisphosphonates are already widely prescribed for the prevention and treatment of osteoporosis or cancer-induced bone loss [10] [11] [12] [13] and an increasing number of bisphosphonate users worldwide are expectable. For instance, approximately 40 million prescriptions for bisphosphonates are written every year in the United States alone. 55 The current meta-analysis had some strengths. First, a large number of participants were enrolled in the studies included, which added validity to this analysis. Second, we performed extensive sensitivity analyses, including confounding RR, E-value and subgroup analyses, to test the robustness of our results. Finally, we performed subgroup analysis and metaregression analysis to explore the potential causes of heterogeneity. However, several limitations of this study should be considered. First, various types of bisphosphonates were given to women in the individual studies, which could have contributed to heterogeneity; of these drugs, alendronate, clodronate, and zoledronic acid were the major bisphosphonates prescribed. Although the type of bisphosphonate used may have differing antitumor activities between nitrogen-containing bisphosphonates and non-nitrogen-containing bisphosphonates, as demonstrated by mechanistic studies in vitro and in vivo models, 56, 57 we could not explore this differential effect due to the lack of available data. Although currently unclear, researches on which bisphosphonates are better at reducing the risk of primary BCa than others are needed. Another potential limitation was the residual confounding factors that had not been taken into account in the original studies. This concern was assessed with E-values. Importantly, the E-values of the effect estimates are small, indicating that our findings are not very robust and incontrovertible. In this respect, RCTs are invaluable for controlling various biases including residual confounding biases. Additionally, given that results from some sensitivity analyses did not support this evidence of the association, our findings should be interpreted with caution.
Conclusion
In conclusion, this meta-analysis adds to the body of evidence for an association between bisphosphonates and a decreased risk of primary BCa. However, due to the lack of consistency between the results from observational studies and that from RCTs, future large-scale RCTs that focus on BCa primary prevention are needed.
Key points
Question: Does the use of bisphosphonates reduce the risk of primary breast cancer in women? Findings: In this updated systematic review and metaanalysis that included five large cohorts, three large population-based case-control studies and two large-randomized controlled trials, in which 67,857 primary breast cancer patients and 188,685 bisphosphonate users involved, a 12% lower risk of primary breast cancer was associated with the use of bisphosphonates. Meaning: These findings provide support for the use of bisphosphonates as BCa chemoprevention strategy, however, future randomized controlled trials with large sample sizes are required to validate this concern.
